Purpose: Illustrate the use of molecular methodologies to delineate subtle, de novo, chromosome aberrations and determine the presence, or absence, of known genes, allow~ng improved predictions of long-term phenotypic effect.
Molecular cytogenetic techniques have advanced to allow the characterization and delineation of subtle, cytogenetically detected chromosome aberrations, such as deletions and duplications. While high-resolution chromosome analysis can serve to provide the initial detection and cytogenetic localization of a de novo chromosomal abnormality, this method is limited in sensitivity to what can be visualized under the microscope and, therefore, does not necessarily provide sufficient information to allow a prediction of phenotype or natural history. This initial cytogenetic information can be augmented by molecular analysis, which will furnish additional data to allow the extent of the abnormality to be better defined. Delineation at the molecular level is essential to verify the presence or absence of specific genes included within a chromosomal abnormality.
This approach can provide the means for malung predictions about the long-term phenotypic effect engendered by aberrant gene dosage due to the duplication of a particular locus, or to its haploinsufficiency through deletion. The ability to make such predictions has evolved from the integration of clinical, cytogenetic, and molecular data garnered from the study of individuals harboring simple deletions or duplications. Deletion analysis has been used extensively to correlate phenotypic effects with monosomy for specific chromosomal bands and provide information that has allowed numerous genes to be specifically localized.
In a classical example, the localization of the retinoblastoma gene RBI, and its eventual assignment to chromosome 13q14,' evolved from the initial observation that a D group chromosome was partially deleted in retinoblastoma tumor tissue2 and continued with reports of retinoblastoma in patients harboring a constitutional deletion in the long arm of a D group c h r o m o~o m e .~,~ The identification of gene mutations in Familial Adenomatous Polyposis emanated from the study of a patient with a constitutional interstitial deletion of 5q and a presumed contiguous gene syndrome that included multiple adenomatous polyposis of the colon.5 Molecular analysis of patients with Rubinstein-Taybi syndrome, a chromosome 16~13.3 microdeletion syndrome, associated the pathology of this syndrome with a single gene encoding the transcriptional coactivator CREB binding proteimh
In combination with the profusion of genomic data attributable to the efforts of the Human Genome Project, such studies have led to the localization of an increasing number ofgenes and to making significant correlations between haploinsufficiency for a discrete genetic locus and a particular phenotype. Such associations, in combination with molecular cytogenetic analysis, provide the means for allowing karyotype-phenotype corellations to be made for patients with de novo chromosome aberrations.
The objective of our ongoing studies is to use molecular methodologies to delineate subtle, de novo chromosome aberrations to determine the presence or absence ofknown genes in the associated regions. We report the results ofthe cytogenetic, molecular, and molecular cytogenetic analyses of four small, de novo deletions to determine if known genes, with quantitative phenotypic effects, were involved. Two of the cases involved deletions in chromosome 5q; one case had a deletion in 10q that will be compared to a case previously reported by our group; and one had a deletion of distal 16p. These studies have Molecular refinement of hatyotype allowed us to make better predictions of phenotype, inasmuch as refined phenotype-genotype correlations were made subsequent to the initial identification of the cytogenetic abnormalities.
MATERIALS AND METHODS

Subjects
Patient 1 was a male with a history of atrial septa1 defect, pulmonary stenosis, mild to moderate growth retardation, and global developn~ental delay. He was the full-term product ofan uncomplicated G1P, pregnancy in a 21-year-old mother, but had difficulty in the neonatal period due to his congenital cardiac problems. Clinical genetics evaluation at 3 years of age revealed him to have bilateral epicanthal folds, a flat nasal bridge, anteverted nares, mild joint laxity, mild truncal hypotonia, and cryptorchidism. Ophthalmologic evaluation identified congenital hyperplasia of retinal pigmented epithelium (CHRPE). His height and weight were below the 5th percentile.
Patient 2 was a male referred for genetics evaluation due to speech delay. He was the 39-week product of an uncomplicated pregnancy in a 34-year-old G,Pl woman. With the exception of his delayed language development and delayed attention span, he was developmentally normal. His height was just above the 5oth percentile and his weight between the 9oth and 97th percentiles. His physical exam at age 17 months was unremarkable except for a mildly high arched palate and a superiorly overfolded left auricle helix.
Patient 3 was a male born at 36 weeks gestation after an uncomplicated pregnancy in a 37-year-old G,P, mother. His history was remarkable for a two-vessel cord, sacral dimple, and right clubfoot noted at birth, and he had transient tachypnea of the newborn and transient hyperbilirubinemia. At 2 months of age, he was diagnosed with bilateral inguinal and umbilical hernias, which were surgically repaired. At 12 months, he was diagnosed with a small VSD, which spontaneously closed by 4 years of age, and bilateral exotropia, which was surgically repaired. He had generalized ligamentous laxity beginning early in life. A clinical genetics evaluation at 5 years of age revealed normal growth and development. His head circumference was normal, and his cranium symmetrical, with a slightly prominent forehead. He had mildly up-slanting palpebral fissures, and interpupillary distance at the 971h percentile. His nose was normal, but he had mid-face hypoplasia, malar flattening, and a flat facial profile. His palate was high and asymmetric, and he had an underbite. His ears were normally shaped and normally placed. His genitalia were normal, and his anus normally placed. He had hyperextensible hand joints, normal palmar creases, and soft and velvety skin.
Patient 4 was a girl with a history of right hip dysplasia, congenital lumbar scoliosis and mild developmental delay. She was the 35-week product of the uncomplicated pregnancy in a G,P, mother. Her birth weight was at the 5oth percentile and her length was between the loth and 25th percentiles. A clinical genetics evaluation at 15 months of age showed her height to be at the 1 5 '~ percentile, and her weight at the 25th percentile.
Plagiocephaly, a single posterior hair whorl, and low posterior hairline were noted, as was hypertelorism and a low-set, slightly cupped, right ear. She had a flat nasal tip with a midline nasal raphe and a smooth upper vermilion border. There was slightly redundant skin on her posterior neck, and her chest was broad, with widely spaced nipples.
There was no known consanguinity in any of the families, and no family history of mental retardation, putative genetic disorders, or other birth defects.
Cytogenetic analysis
High-resolution analysis of GTG-banded chromosomes (600-750 bands) from peripheral blood was performed as described elsewhere.' Briefly, PHA-stimulated blood leukocytes were cultured for approximately 72 hours in RPMI 1640 with 17% fetal bovine serum. Cultures were synchronized by addition of thymidine for the last 16.5 hours of culture and harvested after addition ofethidium bromide and colcemid for the last 45 minutes and 25 minutes of culture, respectively. Cells were treated with 75 mM KC1 for 8 minutes and fmed in 3:l methano1:acetic acid before staining.
Microsatellite analysis
When parental bloods were available, the extent and parental origin of the deletions were determined using panels of highly polymorphic microsatellite repeat markers ( MapPairs, Research Genetics, Huntsville, AL) in the appropriate regions. Markers were selected using information from the integrated genetic, physical, and cytogenetic maps of the Genome Database (GDB), Johns Hopkins Univer~ity,~ the Genetic Location Database (LDB), University of Southampton, Wessex Human Genetics Institute;' and the NCBI UniGene human sequences c~llection.~~' Genomic DNA was extracted from peripheral blood using standard techniques with the PureGene DNA isolation kit (Gentra Systems, Minneapolis, MN). One hundred to 200 ng of purified genomic DNA was used as template for PCR analysis of microsatellite markers according to the method of Misale et a1.I '
Fluorescence in situ hybridization
Fluorescence in situ hybridization (FISH) was employed to determine the extent of the deletions when parental bloods were not available, or to provide initial characterization before microsatellite analysis. Hybridizations were performed on metaphase cells using the methodology of Pinkel et al.1' with minor modifications.13 Yeast artificial chromosome (YAC) clones (Research Genetics, Huntsville, AL), P1 clones (Genome Systems, St. Louis, MO), and cosmids used in FISH analysis were selected from the vicinity of the patients' deletion breakpoints using information from the integrated genetic, physical, and cytogenetic maps of the Whitehead Institute database.I4
The YACs were biotin-labeled by nick translation (Gibco-BRL, Gaithersburg, MD), and denatured probe mixture (labeled probe in 55% formamide, 10% destran sulfate. 0.5 mg/mL herring testes DNA, and 2 X SSC) was applied to slides denatured in 70% formaniide at 70°C. Hybridization was performed overnight at 37OC. Slides were washed in 50% formamide per 2 x SSC at 43OC for 15 minutes, followed by a 2 X SSC wash at 37OC for 8 minutes. Signal was detected by the avidin-fluorescein isothiocyanate amplification method. For each probe, at least 20 nletayhase cells were analyzed. Digital images were captured using a Zeiss epifluorescence microscope equipped with a cooled CCD camera (Photometrics CH250) controlled by an Apple Macintosh computer.
The physical length of each deletion was estimated by calculating the radiation hybrid map (Genebridge 4 panel) distance between the two markers flanking the deletion using the kilobase per centiray equivalent defined for each c h r o m o~o m e .~~
RESULTS
Patient 1
High-resolution cytogenetic analysis of peripheral blood leukocytes from Patient 1 revealed a 46,XY,de15(q15q22) karyotype; both parents were found to have normal karyotypes. The adenomatous polyposis coli (APC) (MIM 175100) gene, APC, associated with the development of colon polyps and an increased risk for colon cancerlh is mapped to 5q21-q23,I7 thus it was possible that APC was included in the deletion. Accordingly, the molecular characterization of this deletion first sought to determine ifAPCwas present or absent, and second, to delineate the extent and parental origin of the deletion. We initially analyzed two microsatellite markers tightly linked to APC, D5S346 and D5S82,IR and with both markers the paternal allele was absent, suggesting a deletion of this gene (Fig. 1) . To determine the size of the deletion, nine additional markers extending both proximally and distally from D5S346 cen and D5S82 were analyzed. Five of these additional markers demonstrated deletion of the paternal alleles; three showed a biparental inheritance pattern; and one was uninformative ( Table 1 ). The proximal breakpoint was localized to the area between markers D5S433 and D5S492 in band 5q21, while the distal breakpoint was found to lie between D5S2098 and D5S2110 in band 5q23. Based on radiation hybrid physical mapping data, the estimated size of the deletion in this patient is approximately 8 Mb.
Patient 2
High-resolution chromosome analysis of peripheral blood leukocytes fiom thls patient revealed a 46,XY,de1(5)(q14.lq2 1.1) karyotype; both parents were found to be cytogenetically normal. By cytogenetic analysis, the deletion in this patient appeared to overlap that of Patient 1 and, similarly, suggested the possible involvement of the APC gene. Analysis of APC markers D5S82 and D5S346 demonstrated biparental inheritance; therefore, in view of the cytogenetic findings, we continued our study by testing markers located proximal to this region (Table 1) . Nine additional microsatellite markers were analyzed, and eight were informative. Four of these markers demonstrated biparental inheritance, and four revealed the deletion of paternal alleles. The deletion was found to extend from a region between marker D5S433 in 5q23.1 and D5S495, in 5q21.1 to an area between markers D5S652 and D5S618 in 5q14.1, suggesting the loss of approximately 7 Mb (Fig. 1) . Thus, this deletion was found not to overlap that of Patient 1 and not to include APC.
Patient 3
High-resolution chromosome analysis of peripheral blood leukocytes horn Patient 3 revealed a 46,XY,deI( 10) (q22.3q23.2) karyotype. Both parents were found to have normal karyotypes. The tumor suppressor gene, PTEN, associated with Cowden disease (MIM 158350) and Bannayan-Riley-Ruvalcaba syndrome (MIM 153480), is mapped to chromosome 10q23.lY Because cytogenetic analysis showed that the deletion extended to band 10q23.2, we sought to determine if PTEN was involved. FISH studies were initiated by hybridization with YAC 738B12, which includes the PTEN region. A signal was observed on the long arm of each of the chromosome 10 homologues, as was the case with hybridization using YAC 944E1, located telomeric to this region. Further analysis with YACs 920H4 and 898C3, located centromeric to the PTENregion, each showed a signal on the 10q arm of the normal chromosome only (Fig. 2) . Thus, the deletion in this patient was localized proximal to the PTEN region. Based on the genetic mapping information for microsatellites contained within the YACs used in this analysis, the distal breakpoint of the deletion is estimated to be at least 1.5 Mb proximal to PTEN (Fig. 3) .
Patient 4
High-resolution chromosome analysis of peripheral blood leukocytes from this patient revealed a 46XX,del( 16)(p13.3~13.3) k~o -type. ~0 t h parents were found to have normal karyotypes. Several important genes with defined phenotypic consequences map to chromosome 16~13.3. Included among these is the gene, CBP, encoding the CREB binding protein, the deletion of which is associated with Rubinstein-Taybi syndrome (MIM 18,0849); and PKDI, associated with polycystic kidney disease type 1 (PKD1) (MIM 6013 13). Also in this region is the tuberin gene, TSCZ, associated with tuberous sclerosis (TSC) (MIM 191092) ; and the a-globin gene cluster, associated with a-thalassemia (MIM 141800). Hybridization with a whole chromosome 16 library painted the entire abnormal chromosome, indicating that the composition of the abnormal chromosome was specific to chromosome 16. Molecular analysis was initiated from the proximal end of band 16p13.3 to localize the breakpoint ofthis apparently terminal deletion. Hybridization of cosmid RTlOO ( a generous gift from Dr. Fred Petrij), specific to CBP, demonstrated signals on both chromosome 16 homologues, as did hybridization of the Pl clone 3699 ( a generous gift from Dr. Arun Kumar), which is specific to TSC2. Thus, neither ofthese genes was deleted in this patient. PKDl is located immediately adjacent to the TSC2 locus in a genomic region that is reiterated more proximally on 16p.' O Thus, the presence of PKDl on both chromosome 16 homologues in this patient can be inferred by the presence of the flanking genes, TSC2 and CBP.
De novo deletion ofthe most distal region of 16~13.3, which contains the a-globin genes, is associated with the a-thalassemia/mental retardation syndrome, ATR-16 (MIM 141750). The ATR-16 critical region is localized to the area between microsatellite markers Dl 6S52 1 and Dl 6S83, and includes approximately 2 Mb." Two YACs within this region, 650A8 and 825H12, each demonstrated a signal only on the normal chromosome 16 homologue in this patient (Fig. 2) . Thus, this patient's deletion appeared to include the ATR-16 critical region. To determine if the entire critical region was deleted, we analyzed microsatellite D16S3024, located approximately 7 Mb from 16pter, which revealed deletion of the paternal allele. Thus, this patient was determined to have a deletion that extends at least 7 Mb and includes the entire ATR-16 critical region, suggesting a-thalassemialmental retardation syndrome, while loci for tuberous sclerosis, polycystic kidney diSease, and Rubinstein-Taybi were not deleted (Fig. 4) .
DISCUSSION
We have used molecular cytogenetic methodologies to delineate and, therefore, define the physical size of the regions involved in four de novo deletions detected by high-resolution chromosome analysis. Because in each case the deletions were found to be in areas that include known genes with defined phenotypic effects, we endeavored to determine the presence or absence of these known genes for each deletion, to make some predictions of long-term outcome.
By cytogenetic analysis, the 5q deletions identified in patients 1 and 2 appeared to overlap. However, molecular delineation of these deletions demonstrated that, while Patient 1 was deleted for APC, Patient 2 was not. Extension of our analysis to the regions flanking APC, and to the areas predicted by cytogenetic analysis to contain the breakpoints, further revealed that the deletions, although initially thought to overlap, were molecularly distinct, as neither patient was deleted for the microsatellite marker D5S654. In fact, the deletions were separated by at least 4 Mb. Because Patient 1 was found to be haploinsufficient for APC, he would be predicted to be at risk for developing adenomatous colonic polyps.
Our group previously reported the case of a 6-year-old boy with a 46,XY,del(lO)(q23.2q23.33) karyotype who had dysmorphic facies, developmental delay, rectal bleeding from age 2 years, and multiple polyps extending from his duodenum to his r e~t u m .~ Biopsy showed classic juvenile polyps, with no evidence of dysplasia. Other family members reportedly had no intestinal polyps or any of the other physical findings of the patient. Molecular analysis ofthis individual's deletion showed it to be approximately 6.5 Mb in length, and to span the PTEN region (Fig. 2) . The deletion in Patient 3 and the deletion in this boy appeared to have in common the loss of band 10q23.2. For that reason, we were particularly interested in comparing these two deletions. Again, while the deletion in patient three was localized immediately proximal to the PTEN region, it did not include this gene. Therefore, these two deletions which, by high-resolution chromosome analysis, both appeared to include band 10q23.2, were separated by < 1 Mb, a physical distance below the lower limits of microscopic resolution.
ATR-16, a syndrome associated with a chromosome 16 microdeletion of the a-globin locus, is characterized by a-thalassemia, mild to moderate mental retardation, and a broad spectrum of dysmorphology. Because of the subtlety of its corresponding cytogenetic findings and the mildness and variability of the phenotype, this syndrome is thought to be underdiagnosed." With a physical length of approximately 7 Mb, the 16p deletion in Patient 3 included and extended beyond the 1 to 2 Mb critical region defined for this syndrome. Important in this patient is the fact that her deletion does not include other genes for which the phenotypic consequences of haploinsufficiency are significant, PKDI, TSC2, and that for RubinsteinTaybi syndrome.
The fact that FISH and microsatellite studies can be systematically used to confirm and better characterize chromosomal aberrations is well known. But now these studies can, and should, be extended to show whether specific genes are, or are can be seen on the normal chromosome 16 but is deleted form the abnormal homologue, as lnd~cated by the drrow. not, deleted. This practice can allow for more precise phenoas the body of physical mapping data available in the human type-genotype correlations to be made in cases involving genes genome databases becomes increasingly more complete, and known to have an effect when haploinsufficient. The ability to as genes that are known to have a phenotypic effect when hapmake meaningful predictions of this nature will only improve loinsufficient are localized with greater accuracy. A potential caveat of these types of studies is the possibility of position effect, in that gene expression might be altered due to a change in the position of the gene relative to its normal chromosomal e n v i r~n r n e n t .~~ Given such a scenario, an individual in whom a deletion was localized at a distance from a specific gene might be deleted for cis-acting elements necessary for normal gene expression. Consequently, a gene that is ostensibly intact would not be properly expressed. Therefore, even in the presence of required regulatory elements, the chromosomal microenvironment imposed on a gene by a flanking deletion could inhibit these elements from functioning properly, resulting in malexpression of the gene.
Another caveat is the extent to which inconsistencies exist among the various physical mapping databases. Considerable time and effort is required to integrate and consolidate the best information currently available to create meaningful maps. Current information pertaining to the relative positions of genetic loci may prove to be imprecise in the future, as additional genomic data allow for further refinement of the physical maps. Therefore, it is advisable to update working maps regularly to reflect the best available genomic data.
Despite these caveats, molecular delineation of subtle chromosomal aberrations can provide results that assist in predicting clinical outcome and offer information for long-term clinical management. Therefore, we recommend that when a deletion or duplication is identified, the appropriate molecular of a specific gene Or genes' localized that re- 
